Aspergillus flavus is a pathogenic fungus infecting maize and producing aflatoxins that are health hazards to humans and animals. Characterizing host defense mechanism and prioritizing candidate resistance genes are important to the development of resistant maize germplasm. We investigated methods amenable for the analysis of the significance and relations among maize candidate genes based on the empirical gene expression data obtained by RT-qPCR technique from maize inbred lines. We optimized a pipeline of analysis tools chosen from various programs to provide rigorous statistical analysis and state of the art data visualization. A network-based method was also explored to construct the empirical gene expression relational structures. Maize genes at the centers in the network were considered as important candidate genes for maize DNA marker studies. The methods in this research can be used to analyze large RT-qPCR datasets and establish complex empirical gene relational structures across multiple experimental conditions.
T he fungus Aspergillus flavus causes maize ear rot and produces aflatoxins which are potent health hazards to humans and animals 1, 2 . Enhancement of maize host plant resistance to A. flavus infection is desirable to reduce aflatoxin contamination at the pre-harvest stage of maize production. The host plant resistance in maize to A. flavus infection is a quantitative trait involving co-expression of many genes [3] [4] [5] . Identification of controlling genes and their empirical network relations is essential to the development of DNA markers and the transfer of maize resistance into elite commercial maize lines.
Plants have developed multiple defense mechanisms against pathogen invasion 6 . An early event in defense responses is triggered by the pathogen molecules that carry pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharides and ssRNA 7, 8 . PAMP-triggered immunity (PTI) is activated to control the spread of pathogen at the infection site 9 . A further event of defense responses happens when pathogens release effectors into the host plant cells to overcome the first defense system and enable the parasitic infection. In some cases the pathogen effectors can be recognized by specific host plant resistance proteins (R proteins) and the effectortriggered immunity (ETI) is activated to turn on the systemic defense mechanism for elevated resistance in the whole plant [10] [11] [12] . Both the PAMP-triggered immunity (PTI) and the effector-triggered immunity (ETI) in plants are associated with the activation or repression of specific plant defense-related genes. The RNA transport pathway protein complexes are critical in the regulation of gene expression and activation for effective plant defense responses [13] [14] [15] . RNA transport pathways comprise various protein complexes that regulate gene expression and nucleocytoplasmic trafficking. RNAs are transcribed in the nucleus and transported across the nuclear membrane with the help of specific protein complexes in RNA transport pathways 16 . Specific RNA molecules are transported through well-defined pathways. The transport of messenger RNAs (mRNAs) is different from that of ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), or small nuclear RNAs (snRNAs). For instance, protein complexes such as cap binding complex (CBC), spliceosome, transcription-export complex (TREX), exon-junction complex (EJC), and translation initiation factors (eIFs) are involved in the serial of events associated with the transport and trans-lation of mRNAs. On the other hand, importins, exportins, Ran-GTP related protein complex, and the survival mortor neuron complex (SMN) are involved in the transport of rRNA, tRNA, and snRNA molecules [17] [18] [19] . Nevertheless, all RNAs are transported across the nuclear membrane through interactions with the nucleoporins in nuclear pore complexes (NPCs) 20, 21 . In fact, components of RNA transport pathways interlink in functions and overlap with the pathways of nucleocytoplasmic trafficking for all macromolecules including proteins. The nucleocytoplasmic trafficking pathways are fundamental for normal cell functions as well as plant defense responses 22, 23 . Studies have demonstrated that RNA transport pathway genes play direct roles in plant defense systems. Several reports have shown that nucleoporins directly regulate the transport of R proteins. Mutations in certain nucleoporins reduce the nuclear accumulation of specific R proteins and hence compromise resistance [24] [25] [26] . The expression patterns of maize RNA transport pathway genes and their relations in response to A. flavus infection have not yet been reported. Identification of maize defense-related genes, their regulatory roles, and expression relations responding to A. flavus infection in the empirical gene expression network is most important for maize resistance breeding. The advance of quantitative real time PCR (RTqPCR) technique makes it possible to precisely describe gene expression patterns and compare the changes in gene expression levels 27 . In contrast to the comprehensive genome wide microarray and RNA sequencing techniques, RT-qPCR provides a powerful and flexible tool which allows focusing on individual pathways across a wide range of experimental conditions with remarkable sensitivity, specificity, and accuracy 28 . Although a number of RT-qPCR analysis packages are available, they vary widely in terms of algorithms and capacities for data analysis. Appropriate analysis procedures that are tailored to perform comprehensive quantitative analysis of RT-qPCR data are needed to conduct rigorous statistical analysis and make inferences from gene expression data 29 . The objectives of this study were to explore and select appropriate methods for analysis of RTqPCR gene expression data and investigate the expression of maize RNA transport pathway genes in response to A. flavus infection in selected resistant and susceptible maize inbred lines. Particularly, construction of empirical gene expression relational structures was investigated in order to identify candidate genes that play important roles in maize host resistance to A. flavus infection.
Results
Aflatoxin concentrations in mature kernels of the resistant and susceptible maize inbred lines. The selected maize inbred lines used in this study were recombinant inbred lines developed from F 2 plants of the cross Mp715 3 Va35. There were two identical copies for each gene in each maize inbred line. Only up to two different alleles for each gene were present among all the six maize inbred lines because they were offspring lines from a single cross. To determine the resistance or susceptibility of each maize inbred line, aflatoxin accumulation was evaluated using the mean values of aflatoxin concentrations per 50 g ground mature kernels. Aflatoxin concentrations of the six maize inbred lines (Mp718, Mp719, Mp045104, Mp04589, Mp04585, and Va35) were evaluated along with other maize inbred lines planted in the field. Each maize inbred line had three replications and was subjected to two treatments (inoculated and noninoculated with A. flavus).The six maize inbred lines exhibited four levels of aflatoxin accumulation (Table 1 ). Mp719 exhibited the highest level of resistance among the six maize inbred lines with a significantly low value of aflatoxin concentration (53 ng/g). The susceptible maize inbred line Va35 was highest in aflatoxin concentration with a mean value of 1821 ng/g. The significance levels in the differences of aflatoxin accumulation levels among the tested maize inbred lines have been consistent over field trials for multiple years 30, 31 .
Quantitative RT-PCR assays. Total RNA samples were prepared from developing kernels of the six resistant and susceptible maize inbred lines resulting in a total of 72 samples. Quantitative RT-PCR analysis and standard curve assays were performed and PCR efficiencies were calculated ( Table 2) . Test of RT-qPCR primers was performed on a total of 66 maize genes initially, including 50 RNA transport pathway genes and 16 differentially expressed candidate genes identified from previous studies 5 . Out of the 66 RT-qPCR primer evaluation assays, 56 gene primers yielded RT-qPCR data of good quality with a PCR efficiency (in r-squared value) .0.9 (Table 2 ) and therefore were included for the subsequent whole plate data analysis. The primer sequences for the selected RNA transport pathway genes are listed in Table 2 . The gene IDs and functions of all the 56 tested genes are listed in Table 3 . There were three whole plate assays for the reference gene GAPDH. Missing values in one GAPDH assay were corrected by calculation of the corresponding values from the other GAPDH assays.
Identification of differentially expressed genes in RNA transport pathways. The relative delta C q values obtained from preprocessing the raw RT-qPCR data were used as the gene expression values for the subsequent descriptive statistical analysis, analysis of variance (ANOVA), correlation analysis, and network analysis. Summary of the distributions of the gene expression values were presented by boxplots in Figure 1A with the median, spread and outliers showing for each gene. Large amount of outliers in the expression values from RNA transport pathway genes were observed. Since there were only up to two different alleles for each gene being involved in all 72 samples, the abundant expression variations observed in these genes indicated that different gene regulating patterns existed in these maize recombinant inbred lines. Scatterplots were used to evaluate if there were any trends present in the regulating patterns for each gene related to resistant or susceptible maize inbred lines ( Figure 1B - Figure 1E ). TC231674 was found highly expressed in the resistant maize inbred line Mp718. It showed significant variations among samples with up-regulation patterns in resistant maize inbred lines ( Figure 1D ). Analysis of variance (ANOVA) was used to determine the significant levels of the differentially expressed genes among different groups and to identify the sources of the variations associated with maize resistance to aflatoxin accumulation. Contrasts for ANOVA analysis were constructed among maize inbred lines (by pedigree) and between resistant and susceptible groups (by RES). Table 4 shows the p values for each gene obtained from ANOVA analysis based on the general linear models by RES, pedigree, RES*INOC, or pedigree*INOC. Of the 56 genes analyzed, 23 were differentially expressed among the tested maize inbred lines at a significance level of p , 0.05 (Table 4 , column Pedigree), and 17 were found significant in expression differences between the resistant group and the susceptible group at p , 0.05 (Table 4 , column Res). These significant genes included the nucleoporins Nup133, Nup62, Nup160, Nup85, Nup88, Nup53, UBC9, SUMO, and Sec13; the Survival Motor Neuron complex genes Ran, TGS1, SPN1, IPOB, plcln, and PRMT5; the Exon-Junction Complex genes MAGOH, Sap18, Ref_Aly. Most of the significant genes identified among the RNA transport pathway genes were from the NPC and SMN protein complexes. Some of the previously identified candidate genes BG266083, CD443591, BE050050, TC231674, CA399536, AI065864, AI664980, TC238832, BM379345, and TC247683 were again found differentially expressed in this research that had a set of germplasm different from the previous studies 5 . None of the translation initiation factors (EIFs) were found differentially expressed among the resistant maize lines and susceptible lines (Table 3 
and 4).
Correlations in gene expression between the tested maize genes. To determine if there were co-expression patterns in gene expression between all pairs of the tested genes, correlation analysis was performed on gene expression values and the correlation matrices were visualized by using R package ''Corrgram''. Figures 2A-B are correlograms displaying the correlation matrices of Pearson's correlation coefficients between selected pairs of genes. The genes displayed in Figure 2A -B were selected from the significant genes identified from the ANOVA analysis presented in different functional groups. Correlations displayed in a correlogram were organized in the order that genes have similar expression patterns were grouped together. The signs and values of the Pearson's coefficients were reflected schematically with the correlation coefficients and the 95% confidence intervals displayed at the lower triangle, whereas the color-coded pie graphs in the upper triangle. Figure 2A showed expression correlations among genes in the NPC and SMN protein complexes of maize RNA pathways along with other previously identified candidate genes. Resistance related genes BE050050, TC231674, and BM498943 were found positively correlated to each other with a coefficient being at least 0.66. Resistance related gene TC238832 was highly correlated with the SUMO gene, an ubiquitin related disease defense gene. Susceptibility related gene AI664980 was found positively correlated to a nucleoporin gene Nup62 (0.88) and negatively correlated with a resistance related gene BE050050 (20.97) . Figure 2B showed the expression correlations among selected RNA pathway genes in the EIFs, EJC, and TREX protein complexes. Susceptibility related gene BG266083 was highly correlated with Sap18 which was an Exon-Junction Complex gene. A TREX gene THOC7 was found negatively correlated with the resistance related genes TC231674, BE050050, and BM379345, which suggested that down-regulation of the THOC7 gene was likely involved in maize defense responses. Figure 3 is an eigenvector plot showing the results from a Principal Component analysis (PCA) analysis on the correlation coefficients of the selected significant genes. The distance between genes in the correlation coefficients was illustrated by the angle formed between the gene eigenvectors. The length of an eigenvector represents the largest variance for each gene in the correlation coefficients. Gene eigenvectors placed close to each other were more similar in the expression patterns and hence were more positively correlated. For instance, THOC7 and Nup62 were found to be highly correlated with the expression of the susceptibility related gene AI664980. On the other hand, UBC9 was found to be positively correlated with the resistance related genes TC231674, BE050050, and BM498943 genes.
The inclusion of previously identified candidate genes in this research provided a way to make some of the observations found in this study experimentally verifiable. Based on the directions of the gene eigenvectors, the expression of resistance related gene TC231674 (on chromosome 5, highly expressed in resistant maize inbred line Mp718) was shown positively correlated with the expression of resistance related gene BE050050 (close to maize resistance SSR marker bnlg2291 on chromosome 4) and negatively correlated with the expression of the susceptibility related gene AI664980 (GRBP2, highly expressed in susceptible maize inbred line Va35) across all the tested maize inbred lines in this study. This observation was consistent with the previous findings on the expression patterns of these defense related genes in a different set of germplasm where TC231674 was found highly expressed in a different resistant maize inbred line Mp313E 5 . Determination of the roles and relations among the tested genes in the empirical gene expression network. The genes selected from the RNA transport pathways were considered as elements in a static gene network in terms of potential biological processes. In order to determine the dynamic roles and relations in expression of these genes responsive to A. flavus infection, we wanted to explore methods to construct empirical gene relational networks that were based on the variations in the actual gene expression levels. To achieve this goal, we conducted PCA on the gene expression data.
The scores of the first two principal components (pc1 and pc2) associated with each gene were used to calculate a Euclidean distance matrix between all pairs of genes for the network construction. Figures 4A-B are network graphs constructed based on the Euclidean distance matrices. The vertices in the network represented genes. The edges represented the Euclidean distance between each pair of genes on the pc1 3 pc2 plane. To highlight genes by protein complexes or groups, the vertices were color-coded for the seven different groups where the genes were chosen from. Five of the groups (EIFs, EJC, NPC, SMN, and TREX) represented the genes from different protein complexes in the RNA transport pathways and two groups (RES and SUS) represented the candidate genes selected from previous studies which were included in this research. Figure 4A is a network constructed for all the 56 genes in this study. The connectivity threshold was set arbitrarily as the Euclidean distance value being 2 for an exploratory criterion. Twenty-four genes were connected in the network. Six resistance related genes, including TC231674 and BE050050, appeared as isolates in the network. Two susceptibility related genes BG266083 and AI065864 were not connected to any of the tested genes either. Further experiment with more genes will be required to reveal genes closely related in expression patterns with these genes in the empirical expression relational networks regarding maize defense. Figure 4B is a subgraph extracted from the same network dataset to show the genes that were connected in the network at a threshold of 1.6 in the Euclidean distance value. Seven genes (Nup88, eIF2, CD443591, CA399536, SPN1, AI664980, and MAGOH) had the highest vertex degrees and were clustered closely together, suggesting a co-expression pattern of these genes in response to A. flavus infecton among the tested maize inbred lines. Two other centers (hubs) were also revealed in the subgraph in Figure 4B . The resistance related gene BM379345 was found at the center of co-expression with five tested genes (IPOB, Nup62, eEF1A, eIF2, and Nup88). Nucleoporin genes Nup160, Sec13, and Rae1 were hubs for co-expression with genes PYM, Ref_Aly, eIF5B, pinin, and TC247683. The hubs with multiple connections were considered as genes of important roles in the network of cellular functions. The susceptibility related gene AI664980 was found adjacent to multiple RNA transport pathway genes including the Nup88, MAGOH, PAPB, and SPN1 genes and appeared to play an important role in the defense related nucleocytoplasmic trafficking activities based on the statistical inferences from network analysis. Maize genes at the centers in the network will be considered as important candidate genes and will be used in priority for further maize DNA marker studies.
Discussion
Numerous studies have shown that the resistant maize inbred lines exhibited significantly low levels of aflatoxin accumulation. Determination of the mechanisms underlying such maize host resistance to aflatoxin accumulation has been proven difficult due to the complex nature of this quantitative trait. Many genes were found to be involved in the maize host plant resistance [3] [4] [5] . The exploration for methods to describe functional roles and relations of genes statistically using effective experimental designs and empirical gene expression data will expedite the discovery of DNA markers and uncover the mechanism of maize host resistance. In this study, we conducted RT-qPCR gene expression analysis on 56 genes including genes from RNA transport pathways that comprise the potential components of maize host resistance. The functions and relations of the genes were examined from three aspects: 1) statistical analysis (ANOVA) on gene expression data for the identification of differentially expressed genes and the determination of the significance levels; 2) correlation analysis for delineation of genes positively correlated or negatively correlated in response to A. flavus infection; and 3) network analysis for depiction of relations of genes in the empirical functional network. Significant genes related to maize defense to A. flavus infection were identified. Through the application of multidisciplinary methods, a wealth of data was generated for data mining and experimental validation. Evidence and supportive data have already been found through complementary research projects. For example, two differentially expressed genes, AI664980 and BG266083, which were found significant in the susceptible maize inbred line Va35 from previous reports, showed high significance again from this study in susceptible maize inbred lines (Mp04585, Mp04589, Va35). These genes are known to be involved in plant responses toward various stress and pathogens [32] [33] [34] . Statistical inferences drawn from our RT-qPCR gene expression analysis indicated that genes in RNA transport pathways, especially in NPC and SMN complexes, were highly significant and involved in maize resistance. One supporting example was that the resistance related gene TC231674 found previously in a different maize resistant inbred line Mp313E was highlighted again in the resistant maize inbred line Mp718. Interestingly, the highly expressed gene TC231674 found in two resistant inbred lines was homologous to the human nucleoporin Nup85 but it was not the same gene as the maize Nup85. The role of TC231674 gene in terms of interactions with maize nuclear pore complexes (NPCs) is yet to be determined. Numerous additional examples can be used to show the richness of data yielded through the combination of the multidisciplinary methods in this study. One resistance related gene TC238832 was found positively correlated to the SUMO gene in the nuclear pore complex of the RNA transport pathway (Figure 2A) . Figure 3 showed the relationship between these two genes according to the respective eigenvectors. The small angle between the two vectors represented a comparison of the Pearson's coefficients and a positive correlation between the TC238832 and SUMO genes. A similar but stronger relationship was noticed between the resistance related gene BM379345 and the eIF5B gene ( Figure 2B ), a translation initiation factor in the RNA transport pathway. The nuclear cap-binding protein subunit 2 gene (CBC gene) was another gene found positively correlated to both BM379345 and eIF5B. The positive correlations among CBC, eIF5B, and the BM379345 genes showed relationships that hinted at the possibility of these genes being related to resistance. By comparing these genes to the differentially expressed genes associated with susceptibility or resistance, we can gain new insights on the functions of the genes involved in the RNA transport and the plant defense mechanisms.
A network was constructed showing maize genes closely related in terms of the magnitudes and directions of their largest variances in the expression values among the resistant and susceptible maize inbred lines. Applying network-based methods to describe empirical gene expression data was an exploratory strategy we investigated to reveal genes potentially important in the regulation of host-fungus defense responses. It provided new strategies on prioritizing candidate genes. Information revealed by network analysis also provided more insights into the roles of highly expressed resistance related genes whose functions were yet to be characterized. While this study resulted in promising results, more research and analysis, such as testing of DNA markers associated with the resistance related genes, are required to verify the results and determine the mechanisms of maize host plant resistance to Aspergillus flavus infection and alfatoxin reduction.
Methods
Plant materials and experimental design. Six maize inbred lines (Mp718, Mp719, Mp045104, Mp04585, Mp04589, and Va35) were used in this experiment. Five of them (Mp718, Mp719, Mp045104, Mp04585, and Mp04589) were recombinant maize inbred lines obtained by eight generation selfing from F 2 plants of a cross of Mp715 3 Va35 and were selected against aflatoxin accumulation under Aspergillus flavus inoculation in field conditions. The maize inbred line seeds were maintained by the United States Department of Agriculture, Agricultural Research Service, Corn Host Plant Resistance Research Unit (USDA-ARS-CHPRRU) at Mississippi State University. Mp718, Mp719, and Mp045104 were maize inbred lines showing resistance to Aspergillus flavus infection and aflatoxin accumulation. Mp04585, Mp04589, and Va35 were susceptible to Aspergillus flavus. All maize lines were planted at the R. R. Foil Plant Science Farm at Mississippi State University. The experimental design was a randomized complete block design including three replications and two treatments (inoculated and un-inoculated with A. flavus) for each maize inbred line and two sample collection time points (2 and 7 days after inoculation). All primary ears were self-pollinated. Fourteen days after pollination, the inoculation of A. flavus was performed using the A. flavus strain NRRL 3357 (ATCC # 200026; SRRC 167). The procedure of fungal culture preparation and the fungal inoculation with side-needle technique were the same as described previously 35 . Two and seven days after inoculation, which was 16 and 21 days after self-pollination, developing kernels from inoculated and uninoculated primary ears were collected for RNA preparation. All remaining primary ears from each plot were harvested at maturity and processed for measurement of aflatoxin concentrations as previously described [35] [36] [37] [38] .
RNA extraction. Developing kernels were collected from the resistant maize inbred lines (Mp718, Mp719, Mp045104) and the susceptible maize inbred lines (Va35, Mp04585, and Mp04589), flash frozen in liquid nitrogen in the field, and stored at80uC for further analysis. Total RNAs were isolated from the kernels using the BioRad Aurum TM Total RNA Fatty and Fibrous Tissue kit. Frozen kernels were ground into powder under liquid nitrogen and combined with PureZOL for disruption. Chloroform was added to the sample for extraction of the aqueous phase containing the RNA. The sample was subjected to DNase I treatment and followed by a series of washes and centrifugation steps with solutions provided with the kit. Upon completion, total RNA concentrations were determined using a NanoDropH ND-1000 Spectrophotometer. The Quality control assessments of total RNA was performed with an Agilent 2100 Bioanalyzer. RNA samples with a QC value RIN .8 were used for cDNA synthesis.
Quantitative real time RT-PCR. ThermoScript RT-PCR system (Invitrogen, #11146-024) was used for cDNA synthesis. RNA was combined with Oligo(dT) primer, 10 mM dNTP Mix, and DEPC-treated water and incubated for 5 minutes at 65uC. A master mix was created using 53 cDNA Synthesis Buffer, 0.1 M DTT, RNaseOUT TM , DEPC-treated water, and ThermoScript TM RT, and added to the reaction mixture. This mixture was incubated at 50uC for 45 minutes for the completion of successful cDNA synthesis. RT-qPCR analysis was conducted using a Roche LightCycler 480 instrument (Roche Applied Science) with the standard 96-well block. LightCycler 480 SYBR Green I Master kit (Roche Applied Science, #04 707 516 001) was used for the RT-qPCR reactions. Fifty genes were selected from the RNA transport pathways, and primers were designed using the Primer3 software 39, 40 (Table 2 ). Sixteen previously identified candidate genes were also included in this study and the sequences of these primers (Table 2 ) were the same as described before 5 . The housekeeping gene, Zea mays glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the reference gene in this study. The choice of the reference gene has been determined in a previous study 5 . Standard curve assays were performed for each pair of primers by creating a threefold dilution scheme for each sample to calculate the PCR efficiency. A total of 72 cDNA samples including six maize inbred lines(pedigree), three replications(rep), two treatments(inoc), and two time points(DAI) were loaded onto each 96-well PCR plates for whole plate assays with one plate for each tested gene. A negative check with a ddH2O sample was included on each plate. The RT-qPCR program was as the following: 1) 1 cycle of 95uC for 5 min; 2) 45 cycles of 95uC for 10 sec, 60uC for 15 sec, 72uC for 15 sec; 3) 1 cycle of 95uC for 5 sec, 65uC for 1 min, 97uC at continuous; 4) 1 cycle of 40uC for 10 sec. The mixture used for the RT-qPCR reactions was as follows: 0.5 ml forward primer (10 uM), 0.5 ml reverse primer (10 uM), 3 ml SYBR Green I Master Kit Enzyme mix, 5 ml DEPC-treated water, and 1 ml of cDNA. This working recipe was adapted from the manufacturer's manual with the following changes: The recipe to prepare for a 10 ml reaction from the manufacturer's manual was 2.5 ml DNA template, 5 ml Master Mix, 1 ml PCR primer, and 1.5 ml water. Our working recipe was 1 ml cDNA template, 3 ml Master Mix, 1 ml PCR primer, and 5 ml water. The ratio of DNA template to Master Mix by volume from the manufacturer's manual was 152. In our recipe, the ratio of cDNA template to Master Mix was 153. The ratio of Master Mix (ready to use kit mixture containing Taq DNA polymerase, dNTP mix, SYBR Green I dye, and MgCl2) to the DNA template was increased in our recipe. The PCR efficiencies were in the optimal range (1.9-2.0) for PCR ( Table 2) .
Preprocessing of raw RT-qPCR data. The R statistical programming language 41 was used to develop scripts for both the preprocessing of raw RT-qPCR data and the subsequent ANOVA analysis in this study. To enable the high-throughput processing and analysis of RT-qPCR data, we developed R scripts specific for the acquisition and preprocessing of raw RT-qPCR data from Roche output files which were in tabseparated plain text format. The preprocessing of raw data included the following steps: 1) The RT-qPCR cycle threshold values (designated as CP value in output files from Roche instruments and represented in this manuscript as C q in line with the MIQE guidelines 42 ) were batch-extracted from all output data files for the whole plate assays and standard curve assays, 2) R-squared values from the linear regression analysis of the standard curve data for each gene were calculated, 3) The r-squared values were used as the PCR efficiencies for calculation of the gene expression Cq values, 4) The Cq values of the reference gene were subtracted from the Cq values of the targeted genes for the normalization with the reference gene, and 5) the maximum Cq value of each gene was subtracted from all the Cq values for that gene to get the relative delta Cq values which were used as gene expression values for the subsequent statistical analysis.
Statistical analysis of RT-qPCR data. Statistical analysis was performed with R scripts. Boxplots were used to visualize the summary of the descriptive statistics for gene expression data, including the median, spread and outliers. Scatterplots were used to display the gene expression data for each gene over 72 samples. Analysis of variance (ANOVA) [http://www.statmethods.net/stats/anova.html] was used for the test of null hypothesis on gene expression data among different treatments including resistance versus susceptibility (res), pedigree, inoculation status (inoc), res by inoc, and pedigree by inoc in order to identify the sources of variation. The test of null hypothesis was based on the F-ratio which was the Mean Square between the groups (MSG) to Mean Square within the group (MSE). The significance level was determined at p , 0.05.
The ANOVA analysis was performed using the corresponding functions in R as listed in the following: 
